This study examined the effects of film thickness on the nanostructural, chemical, and mechanical features of nc-Si:H films deposited by plasma-enhanced chemical vapor deposition. SiH 4 and H 2 were used as the source gases, and the deposition time was varied from 10 to 360 min. The mean nanocrystallites size in the Si films increased from ∼6 to ∼8 nm with increasing film thickness from 85 to 4150 nm. Moreover, the nanocrystallite concentration and elastic modulus increased from ∼7.5 to ∼45% and from 135 to 147 Gpa, respectively. In the 4150 nm thick film, the relative volume fraction of Si nanocrystallites and relative fraction of Si-H bonds in the films were approximately ∼45% and ∼74.5%, respectively.
Introduction
Recently, the development of renewable energy systems has attracted considerable attention due to the high oil price and the safety risk of nuclear power systems. In particular, the transformation of solar energy into electrical power is one of the most important scientific and industrial issues mainly because solar energy is clean, infinite, and nontoxic [1] . Among the many types of thin films used in solar devices, hydrogenated nanocrystalline silicon (nc-Si:H) thin films have promising features, such as controllable energy band gap, light absorption coefficient, and electrical conductivity. All these features depend critically on the characteristics of nanometer-sized Si crystallites embedded in an amorphous matrix [2, 3] . For such applications, nc-Si:H thin films have been fabricated mainly by plasma-enhanced chemical vapor deposition (PECVD) [4, 5] .
Solar cells based on amorphous silicon thin films consist of p-type, n-type, and intrinsic amorphous silicon layers. The intrinsic layer plays an important role in enhancing the solar cell efficiency [6] . For the intrinsic a-Si:H layers in solar cells, the nanostructural features of the intrinsic layers need to be well controlled in terms of the Si nanocrystallite size and size distribution. The relationship between the film thickness and the efficiency of solar cells has been reported previously [7, 8] . Nevertheless, few studies have examined the effect of the film thickness on the nanostructural, chemical, and mechanical features of the films. In addition, with varying film thickness, the mechanical stress within the film needs to be examined to better understand the nanostructural characteristics of a-Si:H films.
In this study, nc-Si:H films were deposited on Si wafers by PECVD and the formation of Si nanocrystallites along with their nanostructural, chemical, and mechanical features were examined in terms of the film thickness. Local variations in the nanostructural features and mechanical and chemical properties of thick films were also examined using a nanoprobed electron beam.
Experimental Details
The nc-Si:H thin films were deposited on a Si (001) wafer and a slide glass at room temperature by PECVD. SiH 4 and H 2 were introduced into a chamber at 4 and 96 sccm, respectively, and were activated with a RF power source. The RF power and frequency were 150 W and 13.56 MHz, respectively. The substrate temperature was fixed to room temperature. The surface of the substrate Si wafer was cleaned in a HF solution to remove the native oxide layer. Table 1 provides details of the deposition conditions for the films. The size and relative volume fraction of Si nanocrystallites in the films were examined by Raman spectroscopy (Hobin Yvon, T6400). The film thickness was measured by field emission scanning electron microscopy (FE-SEM, Hitachi, S-4300). High-resolution X-ray diffraction (HRXRD, XPET-PRO MDR) was performed to estimate the mean nanocrystallite size in the films. The chemical bonds of the films were analyzed by Fourier Transform Infrared (FT-IR, IFS66v/s, Bruker) spectroscopy. High-resolution transmission electron microscopy (HRTEM, JEOL 2100F) and electron energy loss spectroscopy (EELS) were used to obtain local structural information. Electron microdiffraction was used to identify the presence of crystallites at particular regions of the films; the beam probe was ∼1 nm in size. Cross-section TEM specimens (∼8 μm × ∼6 μm × ∼40 nm) were prepared from a 4150 nm thick film using a focused ion beam (FIB) technique. The Young's modulus of the films was analyzed using a nanoindenter (MTS, Nanoindenter XP). Figure 1 shows cross-section SEM images of the nc-Si:H thin films. The film thickness increased almost linearly from 85 to 4150 nm with increasing deposition time from 10 to 360 min. (Figure 1(d) ). The interface between the film and substrate is clearly noticeable, and column-shaped morphology features were observed in the film region. Figure 2 shows XRD patterns of the nc-Si:H films. The diffraction peak at 28.4
Results

Nanostructural Features.
• 2θ was assigned to the (111) crystallographic plane of Si. The Si (111) peak intensity increased with increasing deposition time. In particular, the intensity of the peak in spectrum (5) was 8 times as large as that in spectrum (1). The crystallite size was estimated using Sherrer's equation [9] .
where λ is the X-ray wavelength, B is the FWHM, and θ is the diffraction angle of the peak. The crystallite size varied from ∼6 to ∼8 nm. This variation was clearly observed within the resolution of the analysis method. The Raman spectra of the nc-Si:H films deposited for 10, 180, and 360 min, were obtained ( Figure 3 ). All phonon modes of the transverse acoustic (TA), longitudinal acoustic (LA), longitudinal optical (LO), and transverse optical (TO) modes are active in Raman spectroscopy [10] . The best Gaussian fits of the Raman spectra are illustrated in each spectrum. The broad peak at 480 cm −1 indicates the presence of amorphous silicon (a-Si). The shoulder peak at 500∼510 cm −1 was assigned to the presence of Si nanocrystallites (nc-Si) [11] . The symmetric main peak of bulk Si is centered at 521 cm −1 . Deconvoluted Gaussian fits provide information on the volume fraction of the nanocrystallites as well as the mean crystallite size. Equation (2) was used to obtain the mean crystallite size [12, 13] .
where Δω is the peak shift for the Si nanocrystallite compared to that of bulk Si and β = 2.0 cm −1 nm 2 . The Raman spectra of the nc-Si:H films deposited for 10 min clearly show the characteristic features of amorphous Si. With increasing deposition time from 30 to 360 min, there was a significant variation in crystallite size from 6.9 to 8.5 nm. The results obtained by XRD and Raman spectroscopy were well matched to each other; the difference was less than 1 nm for each size.
The volume fraction X c of the Si nanocrystallites in the films was obtained based on two fits: one (I a ) near 480 cm −1 and the other (I c ) for nc-Si. The relative volume fraction of Si crystallites in the film was estimated by the formula, X c = I c /(I c + ηI a ), where η is a scattering factor that is regarded as ∼1.0 for nanocrystallites [14] . The volume fraction of nanocrystallites increased steadily with increasing film thickness. The largest fraction was observed in the 4150 nm thick films; the fraction was approximately ∼45%. Figure 4 shows the FT-IR spectra of the nc-Si:H films prepared for (a) 30, (b) 60 and (c) 360 min. The spectra were deconvoluted and the best fits are illustrated. The spectra show prominent peaks at 2000, 2100, and 2140 cm −1 , which were assigned to a stretching vibration of Si-H (monohydride), Si-H 2 (di-hydride) and Si-H 3 (tri-hydride), bonds, respectively [15] . Si-H 2 bonds were dominant in the films prepared for 30 min (X c = 7.5%), whereas the Si-H and Si-H 3 fractions were quite small. In contrast, the films with X c = 45% contained a high proportion of Si-H, whereas the Si-H 2 and Si-H 3 fractions were quite small. The Si-H bond can be attributed to the passivation of Si crystallites embedded in an amorphous Si matrix [16] . The Si crystallites on the surface can be surrounded by hydrogen producing monohydrides. On the other hand, dihydrides and trihydrides bonds are easily returned to the plasma or remain in the amorphous phase of the films. The presence of monohydride type bonds in the films indicates the enhancement of Si crystallization. The relative fraction of monohydrides with respect to the total hydrides in the film increased to ∼74.5% with increasing film thickness to 4150 nm. Si (111) Intensity (a.u.)
Chemical Bonding Features.
(1) Figure 5 shows the mean elastic modulus results, which was calculated using (3) [17] .
Mechanical Features.
where E r is the elastic modulus of nc-Si:H films. v i and v s are the Poisson's ratios of the diamond tip (0.07) and aSi:H (0.23), respectively; E i and E s are the Young's modulus of the diamond tip (1141 Gpa) and nc-Si:H, respectively. The highest elastic modulus (157 Gpa) was observed when the film thickness was approximately 85 nm; this film was almost amorphous. The elastic modulus decreased rapidly to ∼135 Gpa with increasing thin film thickness from 85 to 260 nm and then increased steadily from ∼147 Gpa with further increases in film thickness to 4150 nm.
Distribution of Si Nanocrystallites in 4150 nm Thick
Films. Figure 6 shows a cross-section scanning transmission electron microscopy (STEM) image of nc-Si:H films with a thickness of 4150 nm; the microdiffraction patterns were obtained at various depth positions. The electron microdiffraction patterns obtained at positions P 2 (near top surface of the film), P 3 , and P 4 (near middle of the film) clearly exhibit spots related to the presence of nanocrystallites. On the other hand, in the patterns recorded at P 1 (top of the film) and P 6 (bottom of the film), the intensity of the spots appeared to decrease and spread out [18] . Figure 7 shows the EELS spectra obtained from the specimen shown in Figure 6 . The peaks at ∼99.9 eV were attributed to Si-L 2,3 [19] . The spectra obtained at P 3 and P 4 appear to have higher intensities than the other spectra. This shows that the distribution of nanocrystallites in the films was not uniform. The stress at the middle of the film, such as regions P 3 and P 4 , is expected to be considerably different from that at positions P 1 and P 6 , which might be related to local variations in the density of nanocrystallites in the film [20, 21] . was ∼11.5 nm/min under these experimental conditions. Films <85 nm in thickness were almost amorphous. The relative volume fraction of the crystallites increased to ∼45% with increasing film thickness from 260 to 4150 nm. The mean size of the Si nanocrystallites in the films ranged from ∼6 to ∼8 nm under this experimental range (Table 2 ).
Discussion
Nanostructural and Mechanical
In the initial stage of film growth (deposition time ≤10 min), the film exhibited a considerably large Young's modulus, which was attributed mainly to the dominant presence of an amorphous Si phase.
The Young's modulus of the film decreased from ∼157 Gpa to ∼135 Gpa with increasing thickness from 85 to 260 nm; the Si nanocrystallites were formed in a-Si. On the other hand, the Young's modulus of the films increased with further increased in film thickness to 4150 nm, reaching ∼147 Gpa, which is still lower than that for a purely amorphous phase. Moreover, the relative volume fraction of the Si nanocrystallites in the film increased to ∼45%. The formation of Si nanocrystallites is believed to be related to the decreasing structural energy of the films during deposition.
The size of Si crystallites is determined mainly by the substrate temperature and the interfacial energy with the amorphous-phased matrix [22] . The structural features of the interface between the crystallites and amorphous matrix are affected by stress in the films. The change in stress within the films appears sensitive to the crystallite-forming species (ions) on the growing film surfaces under these experimental conditions. Consequently the crystallite size increased significantly from ∼6 to ∼8 nm with increasing thickness from 260 to 4150 nm with a concomitant change in the Young's modulus of the film. More study is currently underway to obtain a better understanding of the interface between the crystallites and amorphous phase.
Chemical Bonding Features.
Si-H, Si-H 2 , and Si-H 3 bonds are located at either the surface of the Si nanocrystallites or polymeric Si clusters in the nc-Si:H thin films. Considering that the crystallites embedded in an amorphous matrix are nanosized, the surface of the crystallites is believed to be passivated mainly by Si-H. Si-H 2 and Si-H 3 bonds may contribute to the formation of polymeric chains present in the matrix of the films [23] . Consequently, the change in the relative fraction of the Si crystallites can be related to the relative fraction of Si-H bonds,
in the films. The relative fraction of Si-H bonds varied from ∼2.7 to ∼74.5% with increasing film thickness from 85 to 4150 nm. This concurs with the increase in the relative volume fraction of Si crystallites in the film with increasing thickness.
Local distribution of Si nanocrystallites.
The thick film with a thickness of 4150 nm showed local variations in the concentration of Si nanocrystallites, especially with the distance from the film and substrate interface.
In particular, the EELS and electron microdiffraction patterns obtained from a region near the interface (P 6 ) showed a small concentration of Si crystallites. Such a lack of crystallites appears to be related to the fact that the film with a thickness of 85 nm was mainly amorphous.
On the other hand, the EELS and electron microdiffraction of the middle region (P 3 and P 4 ) clearly showed the presence of Si crystallites. This corresponds well to the high concentration of crystallites in the films with a thickness range of 1000∼3000 nm.
A lower concentration of Si nanocrystallites is expected near the top surface region (P 1 ) of the thick film, which can be attributed to the local distribution of stress within the film. The size and concentration of Si crystallites are influenced significantly by the local distribution of stress within the films.
Conclusion
The effect of film thickness on the nanostructural, chemical and mechanical features of the nc-Si:H films was investigated. The films were deposited by PECVD at a RF power of 150 W using SiH 4 and H 2 as the source gases for a deposition time ranging from 10 to 360 min.
The mean Si nanocrystallite size in the films increased from ∼6 to ∼8 nm with increasing film thickness from 260 to 4150 nm. The nanocrystallite volume fraction changed from ∼7.5 to ∼45%, and the elastic modulus increased from 135 to 147 Gpa. The relative proportion of Si-H bonds in the 4150 nm thick films (deposited at 360 min) was ∼74.5%. The formation of Si nanocrystallites is closely related to local chemical bonds as well as to the structural energy state of the films.
